1. Introduction {#sec1}
===============

Catalytic hydrogen oxidation has been intensively studied since the times of Döbereiner (1823) and Faraday (1834).^[@ref1]−[@ref3]^ As CO oxidation, it is a prototypical surface reaction which initiated research in catalysis and contributed to the introduction of the term "catalysis" by Berzelius.^[@ref4]^ Significant experimental and theoretical efforts over the last 30 years have resolved the intermediate reaction steps^[@ref5]−[@ref9]^ and shed light on the accompanying spatiotemporal effects from the nm- to the μm-scale.^[@ref10],[@ref11]^

Nevertheless, the formation of water by oxidation of hydrogen on noble and other transition metals remains a complex reaction with many interesting and still unexplored features. Particularly, in view of solid state electrochemistry (fuel cells) and corrosion, the reaction remains an important research topic. Using the surface science approach to catalysis, hydrogen oxidation has been studied at high vacuum conditions on different single crystal surfaces of Pt, Pd, and Rh, revealing its pronounced surface-structure sensitivity.^[@ref6]−[@ref16]^ However, only very few studies compared the reaction on different crystallographic orientations under the same experimental conditions. This is true for low Miller indices; not even speaking about highly stepped surfaces, as such studies would be very demanding and time-consuming from an experimental point of view. Surface-structure libraries^[@ref17]^ may be helpful in this case, as will be discussed in detail below.

The oscillating mode of the hydrogen oxidation reaction plays a particular role: under specific conditions, the reaction rate varies periodically, despite constant external parameters (gas pressures, temperature, and flow). Such self-sustained oscillations in heterogeneous catalytic reactions were first reported in the 1970s for CO oxidation on Pt,^[@ref18]^ and in the 1980s for NO reduction.^[@ref19]^ To date, the main body of work on oscillating surface reactions is still related to CO oxidation^[@ref20]−[@ref22]^ and NO reduction,^[@ref23],[@ref24]^ predominately on single crystals of Pt group metals. The importance of oscillating surface reactions for catalysis was reflected by the Nobel Prize to Ertl in 2007.

In case of H~2~ oxidation, self-sustained oscillations were observed on polycrystalline Pt and Pd wires,^[@ref25],[@ref26]^ polycrystalline Pt layers,^[@ref27]^ or supported Pd and Rh catalysts^[@ref28],[@ref29]^ under atmospheric pressure conditions. Under high vacuum conditions, oscillations in H~2~ oxidation have been observed only on well-ordered bimetallic Rh/Ni surface alloys^[@ref30]^ and on sharp Rh nanotips under high electric field conditions (\>10 V/nm).^[@ref31]^ In the latter case, the applied field causes oscillations by stimulating the periodic formation and reduction of Rh surface oxide. However, the oscillatory mode of catalytic H~2~ oxidation has not yet been observed under field-free conditions over single crystal surfaces of pure Rh.

In a recent short communication, we reported our first observation of multifrequential oscillations in the catalytic hydrogen oxidation on a polycrystalline Rh foil.^[@ref32]^ Apart from observing self-sustained oscillations in H~2~ oxidation on the polycrystalline Rh surface, it was surprising that the reaction simultaneously oscillated with different frequencies on adjacent Rh(*hkl*) domains of differing crystallographic structures. The local frequency was related to the local crystallography: the more stepped the surface was, the higher was the observed frequency. This is quite unusual because although the crystalline grains forming the surface domains were separated by grain boundaries, they were well permeable for the hydrogen fronts traveling across the surface during the kinetic transitions.^[@ref33]^

In the present contribution, we deepen and extend the obtained insights by focusing on the feedback mechanism and discussing structural limits of the observed effect. In situ monitoring of the reaction on individual domains of a polycrystalline Rh surface by photoemission electron microscopy (PEEM) provides strong indications that the structure-sensitive subsurface oxygen formation serves as the feedback mechanism. A mean-field microkinetic modelling further rationalizes the experimental results and explains the experimentally observed structural limits.

2. Experiments {#sec2}
==============

2.1. Hydrogen Oxidation in a μm-Sized Confined Reaction System {#sec2.1}
--------------------------------------------------------------

Initially, the present study aimed at the generation of oscillations in H~2~ oxidation on a Rh(1 1 1) single crystal surface. Experiments were performed in a multipurpose ultra-high vacuum (UHV) apparatus consisting of separate PEEM and X-ray photoelectron spectroscopy (XPS) chambers. The XPS chamber for examination of surface composition was connected to the PEEM chamber by a sample transfer line, allowing fast transfer without breaking UHV. The PEEM chamber was used as a flow reactor in which the Rh surface was exposed to molecular oxygen and hydrogen in the 10^--6^ mbar pressure range. A 10 × 10 mm^2^ \[1 1 1\]-oriented Rh single crystal (Mateck, 99%) was used as a sample. After repeated standard UHV cleaning procedures (Ar^+^ sputtering and annealing), the surface cleanliness was confirmed by XPS before each single reaction measurement. The sample temperature was measured by a Ni/NiCr thermocouple spot-welded directly to the sample. The reactant gases (O~2~ and H~2~) were dosed by precision leak valves and the reaction product H~2~O was continuously pumped off by a turbomolecular pump.

Despite exploring an extended range of partial pressures (10^--5^ to 10^--7^ mbar) and temperatures (373--573 K), it was not possible to generate an oscillating mode of hydrogen oxidation on the smooth Rh(1 1 1) surface. However, periodically alternating patterns of different PEEM brightnesses were detected in a μm-sized furrow-like defect (scratch) on the Rh(1 1 1) surface upon exposure to an O~2~/H~2~ gas phase with constant partial pressures of *p*~O~2~~ = 1.1 × 10^--6^ mbar, *p*~H~2~~ = 8.4 × 10^--7^ mbar, at constant *T* = 433 K. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates the observed effect, demonstrating both the spatial and temporal periodicity (left and right inset in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, respectively) of the PEEM image intensity. In the [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b local PEEM intensities registered in the different regions of interest (ROIs) inside and outside the furrow are compared.

![Oscillations in H~2~ oxidation confined in a furrow-like defect on a Rh(1 1 1) surface: (a) PEEM video frame of ongoing H~2~ oxidation, with the smooth Rh(1 1 1) surface being in an inactive steady state, whereas pulse-like oscillations occur inside the furrow. White geometrical symbols mark the position of the ROIs. The left hand inset illustrates the periodicity in space for the area A → B along the furrow, whereas the right hand inset demonstrates the periodicity in time measured for the ROI marked by a circle; (b) local PEEM intensity registered within the furrow (○, Δ, ▽), compared to those on the smooth Rh surface (□ and ◊). Part (b) is adapted from ref ([@ref32]) (Copyright 2018, Springer Nature).](jp-2018-11421g_0001){#fig1}

The occurrence of spatially periodical patterns, which also exhibit temporal periodicity, is characteristic for "propagating waves" during oscillating surface reactions.^[@ref20]−[@ref22],[@ref34],[@ref35]^ Because the local PEEM image intensity is related to the local work function^[@ref36]^ and the latter correlates with the surface coverage of reactants,^[@ref37]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} proves that the observed waves consist of concentration gradients of adsorbed hydrogen and oxygen. Accordingly, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows an oscillating hydrogen oxidation reaction, a reaction mode, which had not yet been observed on a Rh(1 1 1) surface (and also not on any other pure Rh single crystal surface).

To understand the observed phenomenon, the morphology and surface structure of the μm-sized furrow were studied in detail by electron back-scatter diffraction (EBSD) and atomic force microscopy (AFM). The EBSD measurements were performed using a field emission scanning electron microscope (SEM FEI Quanta 200F), applying standard EBSD conditions and evaluation procedures.^[@ref38]^ The AFM measurements were carried out by employing the AFSEM (GETec Microscopy, Austria), integrated with the SEM. The design allows simultaneous operation of SEM and AFM, the latter being installed in the SEM vacuum chamber, thus providing correlated crystallographic and topological information, respectively.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the PEEM image of the Rh(1 1 1) surface, including the defect where oscillations were found, and an exemplary AFM profile and EBSD map of the surface region marked in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. Ball models of some typical surface structures of the furrow walls are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c.

![Micrometer-sized furrow on a Rh(1 1 1) surface acts as the confined reaction system: (a) PEEM image of the Rh(1 1 1) single crystal surface containing a furrow-like defect (indentation), the region where EBSD and AFM measurements were performed is marked; (b) example of the profile of the furrow, as imaged by AFM, the lower inset shows the EBSD color-coded map (7 × 35 μm^2^) of a typical region of the furrow with the Miller indices indicated; and (c) ball models of stepped structures present on the walls of the furrow.](jp-2018-11421g_0005){#fig2}

The main property differentiating the smooth Rh(1 1 1) surface from the surface inside the furrow, where the oscillations were observed, is the surface roughness. The furrow walls consist of highly stepped and kinked surfaces (cf. EBSD in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and corresponding structure models in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Apparently, such highly corrugated surfaces are required to generate oscillations in H~2~ oxidation on Rh.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b demonstrates that the frequency of oscillations varies along the furrow, suggesting that the degree of atomic roughness/corrugation governs the oscillations. This explains why the atomically smooth Rh(1 1 1) surface does not exhibit oscillations and why the μm-sized rough furrow serves as a mesoscopically confined reaction system. Note also that the oscillations do not "spill over" to the adjacent flat Rh(1 1 1) surface. To shed more light on the observed oscillations, a systematic study using different highly corrugated (i.e., stepped and kinked) Rh surfaces is required. Usually, such studies are performed by sequentially (i.e., one after the other) using differently oriented high-Miller-index single crystals, which would be quite time-consuming. Furthermore, for a true quantitative comparison of different single crystals, identical reactant pressures, identical temperatures, and identical temperature ramps are required, placing high demands on experiments.

An alternative approach is to generate a "surface-structure library", that is, to construct a sample containing adjacent regions of different highly stepped crystallographic orientation. Then, the catalytic behavior of different regions can be directly compared, provided that spatial coupling between the regions is effectively inhibited.^[@ref39]^

During the present experiments, all the different regions are "automatically" exposed to the same pressure and temperature conditions, but the determination of specific (local) catalytic properties requires spatially resolved surface analysis methods. As already mentioned, polycrystalline metal foils which consist of many μm-sized, crystallographically differently oriented (*hkl*)-domains separated by grain boundaries, provide a possibility for surface-structure libraries.^[@ref17]^ Applying the local *kinetics by imaging* approach with PEEM as imaging tool, the details of the reaction process on individual μm-sized domains can be studied.^[@ref40],[@ref41]^

Such surface-structure libraries, based on polycrystalline Pt and Pd foils, have already been successfully used for a direct comparison of the CO oxidation properties of various Pt(*hkl*) and Pd(*hkl*) surfaces.^[@ref39],[@ref41],[@ref42]^ The surface diffusion coupling, which would disturb the independent behavior of individual domains, was effectively inhibited by grain boundaries and the gas phase coupling was negligible in the 10^--6^ mbar pressure range, at least for CO oxidation.^[@ref39]^ It seems promising to apply such a surface-structure library approach to H~2~ oxidation on Rh.

2.2. Self-Sustained Oscillations on a Polycrystalline Rh Surface {#sec2.2}
----------------------------------------------------------------

A polycrystalline Rh foil exhibits many crystallographically differently oriented μm-sized domains, which are separated by grain boundaries ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The crystallographic orientation of the individual domains was determined by EBSD ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) and because the individual domains are in the 10--300 μm size range, a range of different orientations can be found on such a sample ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). A proper set of interesting orientations (e.g., stepped/kinked surfaces) can then be selected and the ongoing reaction can be monitored simultaneously on several well-defined domains ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

![Polycrystalline Rh foil as the surface-structure library: (a) PEEM image of clean Rh foil consisting of μm-sized differently oriented high-Miller-index domains (field of view 520 μm); (b) EBSD color-coded map of the same region with crystallographic orientations indicated. The inverse pole figure is shown for reference in the bottom right corner. A magnified view of a 45 × 45 μm^2^ region with a crystallographic () orientation within the () domain is shown as inset; (c) ball models of different stepped structures, visible in the field of view of (a) and identified in (b). Adapted in part from ref ([@ref33]) (Copyright 2016, Springer Nature).](jp-2018-11421g_0006){#fig3}

![Oscillating H~2~ oxidation on polycrystalline Rh: (a) PEEM image of the clean Rh surface, grain boundaries, and Miller indices are marked (cf. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b); (b) PEEM snapshot of the same area during the ongoing reaction; the marked rectangular region is magnified in (c--f); (c--f) illustration of the propagation of a chemical wave, an arbitrarily selected wave crest is colored blue; (g) momentary distribution of the local PEEM intensity along the *x*-axis in (c) illustrating spatial periodicity; (h) time dependence of the local PEEM intensity at the circular ROI marked in (c--f) illustrating temporal periodicity. The time points corresponding to the particular frames are marked with "1" to "4" in (h). *p*~O~2~~ = 1.1 × 10^--6^ mbar, *p*~H~2~~ = 8.4 × 10^--7^ mbar, and *T* = 433 K. Adapted in part from ref ([@ref32]) (Copyright 2018, Springer Nature).](jp-2018-11421g_0007){#fig4}

Again, the PEEM chamber was used as a flow reactor and after an induction period at constant O~2~/H~2~ (*p*~O~2~~ = 1.1 × 10^--6^ mbar, *p*~H~2~~ = 8.4 × 10^--7^ mbar, and *T* = 433 K) a complex turbulence-like "living" surface appeared during ongoing H~2~ oxidation, consisting of repeatedly nucleating spirals ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The spirals spread across the domains and overlapped at the domain boundaries, creating complex "stirring" patterns. Note that the rotation speed of the spirals strongly varied for different surface orientations.

The dark areas correspond to the oxygen-covered inactive surface, and bright zones to the catalytically active oxygen-deficient surface with low hydrogen coverage.^[@ref43]^ The picture in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b thus shows a snapshot of concentration waves moving across the surface. To exemplify this motion, the position of an arbitrarily selected wave crest is traced in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c--f. In similarity with the furrow on Rh(1 1 1), both necessary attributes of a wave process are present, namely, spatial and temporal periodicity, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g,h.

The digitally recorded PEEM video sequences were analyzed pixel-by-pixel using differently sized and shaped ROIs, which can be arbitrarily placed at any position within the field of view, like "virtual probe holes". The image brightness analysis revealed differing local oscillation frequencies for different surface domains, as illustrated in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, in which the observed local oscillation frequencies are displayed as a "frequency map". Because the crystallographic orientation of the individual domains is known from EBSD, the local oscillation frequencies can be correlated with the local surface structure of the corresponding domains ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b).

![Multifrequential oscillations in hydrogen oxidation on polycrystalline Rh at constant *p*~O~2~~ = 1.1 × 10^--6^ mbar, *p*~H~2~~ = 8.4 × 10^--7^ mbar, and *T* = 433 K: (a) "frequency map" of the observed oscillations. Crystallographically different domains are marked with white lines and the Miller indices determined by EBSD are indicated on the right side (cf. EBSD map in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b); (b) time dependence of local PEEM intensity of four selected regions. The positions of the corresponding circular ROIs (of 1 μm diameter) are located in the centers of the numbered triangular symbols in (a). The ball model insets illustrate the stepped surface structure of the selected regions, (a) adapted in part from ref ([@ref32]) (Copyright 2018, Springer Nature).](jp-2018-11421g_0008){#fig5}

The main result of the data compendium in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} is that the local oscillation frequencies clearly correlate with the local surface structure: the more stepped (more rough) the surface is, the higher the observed frequency. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the atomic scale roughness increases in the order of ROI 1--4 and so does the frequency. This explains why, despite extended efforts, oscillating H~2~ oxidation was never observed on flat Rh surfaces, such as Rh(1 1 1), under high-vacuum conditions (also upon significantly varying *p*~O~2~~, *p*~H~2~~ and *T*). To establish a quantitative correlation between the frequency and surface roughness is difficult, however, due to the unknown weighting of several contributions, for example, step density, kink atom density, and width and orientation of terraces, to the feedback process (see [chapter [2.3](#sec2.3){ref-type="other"}](#sec2.3){ref-type="other"} below).

Reports about field-induced oscillations on nm-sized Rh tips^[@ref44]^ also fit well into this picture because such tips mainly consist of highly stepped surfaces in between the small facets, many of them are also stepped.^[@ref45]^ Apparently, as in the case of the furrow on the Rh(1 1 1) surface, a certain degree of surface roughness is required to generate oscillations. The clear correlation between the structure of particular domains on the polycrystalline surface and the observed oscillation frequency suggests that a structure-sensitive feedback mechanism may exist, linking the local structure to the adsorption and reaction kinetics and thus governing the observed oscillations.

2.3. Indications for the Feedback Mechanism {#sec2.3}
-------------------------------------------

Similar as oscillations in electric control circuits, self-sustained oscillations in chemical systems need a feedback loop for maintaining their existence.^[@ref46]^ Different surface processes have been reported as feedback mechanisms in heterogeneous catalytic systems: structural phase transitions of the catalyst surface, faceting or formation of surface protrusions, and oxidation and reduction processes.^[@ref21],[@ref22],[@ref24],[@ref47],[@ref48]^ The relatively long periods of the current oscillations (on the order of minutes) suggest that a slow surface process causes transitions between the active and inactive state and vice versa. Oxidation/reduction of the substrate surface seems to be most probable for such slow process. The essential role of the stepped Rh surface, the fact that oscillating H~2~ oxidation does not occur on smooth low index Rh surfaces, and the structural limits discussed below, suggest a periodical formation and depletion of subsurface oxygen as the present feedback mechanism. An alternative feedback mechanism based on surface reconstruction, known from oscillating CO oxidation on some Pd and Pt single-crystal surfaces,^[@ref21],[@ref22],[@ref24],[@ref47],[@ref49]^ is highly unlikely here, because it can hardly be expected that dozens of differently oriented Rh domains would simultaneously exhibit similar reconstructions, but with different frequencies.

Additional support for such a subsurface oxygen feedback mechanism can be derived from the observation of colliding reaction fronts in the bistable regime of H~2~ oxidation on polycrystalline Rh. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows an isothermal kinetic transition from the inactive steady state (oxygen covered Rh surface, dark PEEM contrast) to the catalytically active (reduced surface, bright PEEM contrast) at a constant temperature of 513 K. Islands of the active surface (bright areas in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a) nucleate at surface defects and the reaction fronts (forming island borders) spread at the expense of the inactive (dark) surface. Consecutive PEEM snapshots in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b and the local PEEM intensity profiles ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c) illustrate what happens when hydrogen fronts approach each other and collide. The "collision line" appears much brighter than the active surface behind the fronts, demonstrating the formation of low work function areas where the fronts collide. A similar behavior has been observed earlier in catalytic CO oxidation on Pt(1 0 0) and (1 1 0),^[@ref50],[@ref51]^ in the nonoscillatory H~2~ oxidation on Rh(1 1 1)^[@ref15],[@ref16]^ and in catalytic NO reduction on Rh(1 1 1).^[@ref52]^ In all these studies, areas of low work function have been associated to subsurface oxygen formation, as corroborated by model calculations.^[@ref16]^ A mechanism was proposed, in which coadsorbed hydrogen facilitates the formation of subsurface oxygen by lowering the activation barrier for oxygen diffusion through the metal surface.^[@ref16]^ Atomic hydrogen rapidly diffusing away from approaching reaction fronts increases the local hydrogen coverage on the still-oxygen covered surface between the fronts. Such artificially enhanced H + O coadsorption may lead to distortions of the substrate lattice, thus lowering the activation barrier of oxygen subsurface diffusion.

![Formation of a low work function network due to collisions of hydrogen reaction fronts in H~2~ oxidation on polycrystalline Rh foil: (a) PEEM-video frame showing the active (bright) surface nucleating on the inactive (dark) surface of polycrystalline Rh foil at *p*~O~2~~ = 7.7 × 10^--7^ mbar, *p*~H~2~~ = 1 × 10^--6^ mbar, and 513 K; (b) collision of reaction fronts nucleating within the rectangular region marked in (a). The collisions lead to the formation of regions of low work function on the surface and corresponding bright stripes in the PEEM image; (c) intensity profiles measured within the three color-coded areas marked in (b); (d) network structure remaining after collisions of hydrogen fronts.](jp-2018-11421g_0009){#fig6}

This proposed mechanism is in agreement with the present observations: after collision and annihilation of hydrogen fronts, a bright network of "collisions stripes" remains on the surface, that is, a landscape of the enhanced subsurface oxygen population ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). It is important to note that the stripes do not coincide with the grain boundaries (cf. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a).

Apparently, the surface lattice is restored immediately after the collision of fronts, forming a "trap" for the oxygen atoms stored under the surface. Thus, the depletion of the oxygen reservoir is much slower than its formation.

Because the observed oscillation frequencies differ on differently oriented Rh domains, the proposed feedback mechanism must be structure dependent. Indeed, structure dependence is expected for subsurface oxygen formation because the activation energy of oxygen penetration through the metal surface depends in a straightforward manner on the surface structure.^[@ref53],[@ref54]^ The formation of subsurface oxygen not only governs the generation but also the propagation of chemical waves. Waves crossing the grain boundaries may abruptly change their shape, the propagation velocity, and frequency of the oscillation. This is demonstrated in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, which presents the PEEM image and properties of a single spiral-shaped wave generated on a defect within the Rh(2̅ 0 3) domain, which propagates across the grain boundary and across the adjacent Rh(7 1̅ 8̅) domain. The insets in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a illustrate the frequency changes, whereas the local PEEM intensity profiles in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b illustrate changes in the shape of the propagating wave.

![Effects of the grain boundary: (a) a spiral-shaped concentration wave propagating across the grain boundary between two differently structured domains during H~2~ oxidation on Rh (*p*~O~2~~ = 7.7 × 10^--7^ mbar, *p*~H~2~~ = 5.5 × 10^--7^ mbar, and *T* = 433 K). The insets 1 and 2 show the temporal progression of the local PEEM intensity registered at two circular ROIs placed on the Rh(2̅ 0 3) and Rh(7 1̅ 8̅) domains, respectively; (b) EBSD map of the rectangular region marked by red dotted line in (a) with the overlapped spiral wave. The insets 1 and 2 show the local PEEM intensity profiles across the propagating waves (as marked with red arrows) on the Rh(2̅ 0 3) and Rh(7 1̅ 8̅) domains, respectively.](jp-2018-11421g_0010){#fig7}

Such abrupt changes at the grain boundary demonstrate that oscillations reflect the properties of the particular Rh(*hkl*) domain and its behavior is not affected by neighbouring domains. This can be understood when one considers subsurface oxygen formation as the feedback mechanism. The rate of formation and of depletion of subsurface oxygen and thus the frequency *strictly* depends on the surface structure of the "oscillating" domain and cannot be influenced "from the outside", that is, by the surrounding domains. Therefore, the frequency changes abruptly at the grain boundary. In turn, the shape and "wavelength" also depend on the diffusion/reaction coupling within the propagation phase, whereas the surface structure contributes via its influence on the diffusion and reaction rate. For the almost terrace-free Rh(2̅ 0 3) surface (cf. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), PEEM videos indicate that the propagation velocity is nearly isotropic, whereas an anisotropic front propagation is observed on the Rh(7 1̅ 8̅) surface. This surface consists of extended terraces (cf. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) on which the fronts move with almost double velocity along the steps, compared to that across the steps. This results in a significantly modified shape and "wavelength" of propagating chemical waves. In principle, this effect shows a certain (purely outward) similarity to the change in light wavelength upon change of the refractive index in an anisotropic transition medium.

2.4. Structural Limitations of Oscillations {#sec2.4}
-------------------------------------------

A detailed inspection of the recorded videoframes also revealed surface regions within the turbulent global picture, where the reaction did not oscillate, that is, the local PEEM intensity remained constant ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) despite diffusive coupling. Correlating PEEM videofiles with EBSD data identified such a nonoscillating region as the Rh(3̅ 1 24) structure within a ∼100 μm wide domain, where also the Rh() structure was present without separation by a grain boundary ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b).

![Structural limits in oscillating H~2~ oxidation on polycrystalline Rh: (a) PEEM snapshot at constant *p*~O~2~~ = 1.1 × 10^--6^ mbar, *p*~H~2~~ = 8.4 × 10^--7^ mbar, and *T* = 433 K: (b) the EBSD map of the square region marked in (a). Two crystallographically different () and (3̅ 1 24) structures were identified within the "red color" domain; (c,d) time dependences of local PEEM intensities for the () and (3̅ 1 24) regions, respectively, the corresponding ROIs are marked in (a). The insets show the corresponding surface structures; (e) probability density distribution of the signal amplitude shown in (d).](jp-2018-11421g_0011){#fig8}

This finding was surprising because one would rather expect that nonoscillating regions were confined by grain boundaries. Apparently, the local structure dominates over coupling effects and certain surface structures exhibit activation energies for subsurface oxygen formation and reduction that under the present conditions are "too high". Given that subsurface oxygen formation indeed provides the feedback mechanism, these structural limits should depend on external parameters: for a given activation energy of subsurface oxygen formation, the rate of its formation is determined by the oxygen partial pressure and the temperature. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} confirms this hypothesis, by examining oscillations at conditions different from those in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, that is, at the same *p*~O~2~~ = 1.1 × 10^--6^ mbar but higher *p*~H~2~~ = 1.1 × 10^--6^ mbar. The oscillations on the Rh(2̅ 0 3) domain slow down (cf. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) and the oscillations on the "less rough" Rh(7 1̅ 8̅) surface fully stop. Evaluation of other differently structured domains confirmed this trend that all evaluated facets exhibited lower frequencies than the corresponding ones in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Structural limits for oscillations depend on the external parameters: (a) PEEM snapshot taken during oscillations in H~2~ oxidation on polycrystalline Rh at *p*~O~2~~ = 1.1 × 10^--6^ mbar, *p*~H~2~~ = 1.1 × 10^--6^ mbar, and *T* = 433 K; (b) PEEM intensity locally recorded for Rh(7 1̅ 8̅) and Rh (2̅ 0 3) domains. Upper parts in (b) show the corresponding surface-structure ball models.](jp-2018-11421g_0012){#fig9}

Similar as the front collision network discussed above, the parameter-dependent structural limits of the observed oscillations strongly support the hypothesis of the formation and depletion of subsurface oxygen being the feedback mechanism of self-sustained oscillations.

3. Microkinetic Analysis {#sec3}
========================

Using X-ray photoelectron diffraction, the formation of subsurface oxygen was directly observed for smooth Rh(1 1 1), at 470 K and oxygen exposures similar to the current experiments.^[@ref55]^ Although the PEEM/XPS setup used herein cannot provide direct evidence of subsurface oxygen, it is reasonable to assume that rough Rh surfaces might form Rh oxide structures at lower temperatures than Rh(1 1 1). To rationalize the suggested course of the oscillations and, in particular, to verify the feedback mechanism, the observed oscillations were analyzed by a mean-field micro-kinetic model based on the well-established Langmuir--Hinshelwood (LH) mechanism for H~2~ oxidation on Rh.^[@ref56]^

To account for the observed oscillations, the model by McEwen and co-authors, describing field-induced oscillations in H~2~ oxidation on Rh,^[@ref44],[@ref57]^ was modified for a field-free case. In this model, the LH reaction network includes five steps which are schematically shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}: the dissociative adsorption (and associative desorption) of hydrogen (R1), dissociative adsorption (and associative desorption) of oxygen via a precursor state (R2, R3), formation and reduction of subsurface oxygen (R4), and catalytic water formation (R5).

![Reaction equations and schematic representation of the reaction steps in H~2~ oxidation on Rh. Color code: Rh (blue), O (red), and H (gray). In R1--R5, \* and s correspond to empty surface and subsurface sites, respectively.](jp-2018-11421g_0002){#fig10}

The partial coverages of hydrogen, oxygen, and subsurface oxygen (θ~H~, θ~O~, and θ~s~, correspondingly) are expressed in the mean-field approach by the following rate equations

The empty sites are given by θ~\*~ = 1 -- θ~H~ -- θ~O~ and the rate constants are given by

The molecular masses are given by *m*~H~2~~ and *m*~O~2~~, *S*~0~^X^ denotes the initial sticking probabilities and *a*~s~ is the area of a surface site (10 Å^2^); β = 1/*k*~B~*T*.

The values of the kinetic parameters used are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The values are those previously determined for Rh(1 1 1),^[@ref44]^ except the activation energies of oxide formation and reduction and the sticking coefficient of hydrogen.

###### Model Parameters

  symbol        description                                                                 value
  ------------- --------------------------------------------------------------------------- ----------------------
  *E*~d~^H^     desorption energy of H                                                      0.70 eV
  *S*~0~^O^     initial sticking coefficient O                                              0.60
  *A*~K~^s^     coverage dependence of sub-surface oxygen on oxygen dissociation            0.082 eV
  *E*~ox~       activation energy for oxygen diffusion from surface to sub-surface sites    1.111 eV
  *E*~d~^O^     desorption energy of O                                                      2.85 eV
  *A*~d~^O^     coverage dependence of oxygen desorption energy on adsorbed oxygen          --0.4 eV
  *B*~d~^O^     coverage dependence of oxygen desorption energy on molecular oxygen         --0.5 eV
  *E*~r~        activation energy for water formation                                       0.75 eV
  *s*~0~^H^     initial sticking coefficient H                                              0.4
  *k*~d0~^H^    pre-factor                                                                  3.0 × 10^10^ s^--1^
  *K*^0^        pre-factor                                                                  0.2525 s^--1^
  *E*~K~        activation energy                                                           --0.178 eV
  *A*~K~^O^     coverage dependence of adsorbed oxygen on oxygen dissociation               0.158 eV
  *k*~ox~^0^    pre-factor                                                                  5.0 × 10^11^ s^--1^
  *k*~red~^0^   pre-factor                                                                  1.85 × 10^13^ s^--1^
  *A*~red~^s^   coverage dependence of sub-surface oxygen on surface subsurface reduction   0.3 eV
  *k*~d0~^O^    pre-factor                                                                  6.0 × 10^13^ s^--1^
  *k*~r~        pre-factor                                                                  7.0 × 10^12^ s^--1^
  *A*~r~^H^     coverage dependence of activation energy of H~2~O formation on H            --0.27 eV
  *A*~r~^O^     coverage dependence of activation energy of H~2~O formation on O            --0.145 eV

In refs,^[@ref44],[@ref57]^ to mimic the field-induced oscillations, a hydrogen sticking coefficient of 0.3 was used. For the current field-free reaction, a slightly higher sticking coefficient of 0.4 is required to obtain oscillations (while keeping the other parameters constant). The simulations were performed for 433 K, which is much higher than the water desorption temperature on Rh(0 0 1)^[@ref58]^ of 300 K. One can thus safely assume that the formed water immediately desorbs, especially because the UHV PEEM chamber was operated as a "flow reactor", which was continuously pumped off, preventing readsorption of water.

The surface oxidation was modeled as a single step. This is apparently a simplification, as the elementary steps of oxidation/reduction may be complex, including significant structural rearrangements.^[@ref57]^ However, as the exact activation energies are unknown for the considered high-index Rh surfaces, we resort to one effective barrier. This barrier should be regarded an apparent energy barrier, rather than reflecting a single elementary step. Furthermore, it is reasonable that the oxidation and reduction processes are coupled, assuming a linear relation between *E*~ox~ and *E*~red~ as suggested by the data in ref ([@ref56])

E~ox~ for Rh(1 1 1) was reported to be 1.68 eV.^[@ref57]^ From experiments, it is known that oscillations do not occur on Rh(1 1 1), indicating that 1.68 eV is too high to enable self-sustained oscillations in the field-free case. However, experiments have shown that the oxidation of Rh(1 1 1) proceeds rather via surface steps than through the metal layer and that the rate depends on the direction of the oxidation.^[@ref59]^ For the stepped Rh surfaces studied herein, it is reasonable to assume that oxides form more readily, as the required atomic rearrangements are easier for low-coordinated surface sites. Keeping other parameters constant, we obtain oscillations with *E*~ox~ in the range 1.021--1.161 eV at a temperature of 433 K and hydrogen and oxygen pressures of 0.84 × 10^--6^ mbar 1.1 × 10^--6^ mbar, respectively. We note that, within the span of *E*~ox~ that yields oscillations, *E*~red~ is larger than *E*~ox~. This agrees with the experimental observation that the depletion of the oxygen reservoir is slower than its formation. The calculated effect of hydrogen pressure on the oscillations is shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}: with *E*~ox~ = 1.111 eV, the frequency is 5.7 × 10^--3^ s^--1^ for *p*~H~2~~ = 0.84 × 10^--6^ mbar and increases to 6.7 × 10^--3^ s^--1^ for *p*~H~2~~ = 0.90 × 10^--6^ mbar. Similarly, lowering the hydrogen pressure makes the oscillation frequency smaller (not shown).

![Oscillation in H~2~ oxidation on Rh. Top to bottom panels show the coverage of hydrogen (H), of oxygen (O), of subsurface oxygen (Os) and the reaction rate as turnover frequency (TOF). The simulations have been performed at *T* = 433 K and partial pressures of oxygen and hydrogen of (a) 1.1 × 10^--6^ mbar and 0.84 × 10^--6^ mbar and (b) 1.1 × 10^--6^ mbar and 0.90 × 10^--6^ mbar, respectively. *E*~ox~ was set to 1.111 eV.](jp-2018-11421g_0003){#fig11}

The surface processes are affected, besides the external conditions, also by several parameters in the model: by energies of adsorption, desorption, and reaction in a direct way and indirectly by the coverage dependences. Because it is unknown how these parameters change for the differently oriented domains we concentrated on variations of the *E*~ox~/*E*~red~ parameter to explore the model.

[Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} illustrates the role of this parameter: [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a shows the dependence of the oscillation frequency on *E*~ox~ for two hydrogen pressures, 0.84 × 10^--6^ mbar and 0.90 × 10^--6^ mbar, respectively, and [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}b displays the resulting oscillations. The results in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} confirm that the observed oscillations sensitively depend on the rate of subsurface oxygen formation and its depletion, both governed by the activation energy *E*~ox~.

![Sensitivity of oscillations to the activation energy of subsurface oxygen formation: (a) dependence of the oscillation frequency on *E*~ox~ for *p*~H~2~~ = 0.84 × 10^--6^ mbar (red curve) and for *p*~H~2~~ = 0.90 × 10^--6^ mbar (blue curve). Red and blue areas mark the existence range of oscillations for *p*~H~2~~ of 0.84 × 10^--6^ mbar and 0.90 × 10^--6^ mbar, correspondingly; (b) H coverage as function of time for *E*~ox~ = 1.111 eV, *p*~H~2~~ = 0.84 × 10^--6^ mbar and *p*~H~2~~ = 0.90 × 10^--6^ mbar (upper two panels) and for *E*~ox~ = 1.134 eV and the same *p*~H~2~~ values (lower two panels).](jp-2018-11421g_0004){#fig12}

At *p*~H~2~~ of 0.84 × 10^--6^ mbar, the calculated oscillation frequency is 2.7 × 10^--3^ s^--1^ for an *E*~ox~ value of 1.021 eV, whereas it is only half (1.4 × 10^--3^ s^--1^) for *E*~ox~ of 1.161 eV. Thus, the easier the subsurface oxygen is formed, the higher is the oscillation frequency. This agrees well with the experiments, as a higher frequency was observed for highly stepped surfaces. Similarly, when the activation energy for Rh surface oxidation was lowered by a high electric field, oscillations occurred on Rh nanotips even under high-vacuum conditions.^[@ref44],[@ref57]^

The role of *E*~ox~ is clear when considered together with pressure variation: at *E*~ox~ of 1.111 eV, a pressure increase from 0.84 × 10^--6^ mbar to 0.90 × 10^--6^ mbar leads solely to a frequency increase. In turn, for a surface with minimally higher *E*~ox~ of 1.134 eV, the same pressure increase moves the surface out of the phase space for oscillations, making the oscillations disappear. This is in qualitative agreement with the trends observed for the surface domains (2̅ 0 3) and (7 1̅ 8̅) in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}; the frequency increased upon increased hydrogen pressure for (2̅ 0 3), whereas the oscillations disappeared for (7 1̅ 8̅).

Apart from *E*~ox~, also the sticking probabilities typically vary for different surface structures. However, oscillations solely exist within a limited range of sticking probabilities. Within this range, the dependence of the oscillation frequency on the sticking coefficient is much weaker than the dependence on the activation energy for oxidation/reduction. Therefore, a structure-dependent sticking was not accounted for in the model used.

4. Summary and Conclusions {#sec4}
==========================

The present in situ PEEM observations of catalytic hydrogen oxidation on polycrystalline Rh demonstrate that under certain conditions spreading chemical waves create global oscillating spatio-temporal patterns with varying local oscillation frequency, depending on the particular surface structure. These chemical waves, generated by local surface defects, travel across grain boundaries which act as "frequency transformers" from one μm-sized Rh(*hkl*) domain to another. The frequency change occurs abruptly on the boundary showing a strict correlation between the frequency and the local surface structure of each particular Rh(*hkl*) domain. The oscillations were observed solely on stepped high-Miller-index domains, whereas smooth surfaces such as Rh(1 1 1) exhibited a usual bistable nonoscillating behavior. Formation of subsurface oxygen is suggested as the feedback mechanism of the observed oscillations. Complementary observations, such as colliding reaction fronts and existence of structural limits of the observed oscillations, experimentally corroborate this suggestion.

A microkinetic model explains the correlation between the local surface structure and the local oscillation frequency, since the subsurface oxygen formation, serving as feedback mechanism, is structure sensitive. The critical sensitivity of the oscillation frequency on the activation energy of subsurface oxygen formation explains why oscillations in H~2~ oxidation were not yet observed on smooth Rh surfaces despite decades-long efforts. The absence of steps, kinks, and other low-coordinated sites hinders the formation of subsurface oxygen and prevents generation of oscillations. In contrast, on stepped and kinked Rh surfaces the more facile formation of subsurface oxygen enables self-sustained oscillations. The predicted pressure dependence of the oscillation was experimentally confirmed, further supporting the model of the feedback mechanism.

The observed new effect in hydrogen oxidation allows a direct visualization of the catalytic heterogeneity of catalytically active surfaces, opening a promising approach toward addressing the structure sensitivity of heterogeneous surfaces.
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